Medullary carcinoma of the colon is a unique histologic subtype of microsatellite unstable colorectal carcinoma but little is known regarding its tumor-immunoregulatory microenvironment. The aims of this study were to characterize the immune environment of medullary carcinoma and compare it with other microsatellite unstable and microsatellite stable colorectal carcinomas. An initial gene expression microarray analysis of six cases of medullary carcinoma was used to detect potentially differentially expressed genes. We extended this analysis utilizing genomic data from the Cancer Genome Atlas to compare eight cases of medullary carcinoma with other microsatellite unstable and stable carcinomas. Finally, we evaluated expression of key immune pathway proteins and lymphocyte subsets via immunohistochemistry of a large group of medullary carcinomas (n = 105) and compared these findings with three other groups: poorly differentiated, microsatellite unstable well-differentiated and microsatellite stable well-differentiated carcinomas. Microarray and the Cancer Genome Atlas data analysis identified significant upregulation of several immunoregulatory genes induced by IFNγ including IDO-1, WARS (tRNA(trp)), GBP1, GBP4, GBP5, PDCD1 (PD-1), and CD274 (PD-L1) in medullary carcinoma compared with other microsatellite unstable and microsatellite stable tumors. By immunohistochemistry, IDO-1 was expressed in 64% of medullary carcinomas compared with 19% (9/47) of poorly differentiated carcinomas, 14% (3/22) of microsatellite unstable, and 7% (2/30) of the microsatellite stable well-differentiated carcinomas (Po 0.0001). tRNA(trp) was overexpressed in 81% (84/104) of medullary carcinomas, 19% (9/47) of poorly differentiated, 32% (7/22) of microsatellite unstable, and 3% (1/30) of microsatellite stable well-differentiated carcinomas (Po 0.0001). Medullary carcinoma had higher mean CD8+ and PD-L1+ tumor-infiltrating lymphocytes compared with all other groups (P o0.0001). This study demonstrates overexpression of several immunoregulatory genes in microsatellite unstable colorectal carcinomas and that expression of these genes and proteins is more prevalent in the medullary carcinoma subtype, which may be of use both diagnostically and therapeutically.
The tumor immune microenvironment is increasingly emerging as an important factor in understanding the behavior and predicting the clinical outcome of a variety of tumors. Tumors with vigorous immune responses often contain higher amounts of tumor-infiltrating lymphocytes as a distinguishing feature. 1 Microsatellite unstable colorectal carcinomas characteristically contain higher numbers of tumor-infiltrating lymphocytes, 2 presumably in response to a milieu of neopeptides generated by frameshift mutations caused by defective mismatch-repair proteins. 3 As a group, microsatellite unstable colorectal carcinomas have a more indolent clinical course with a more favorable prognosis over microsatellite stable colorectal carcinomas. 4, 5 This holds true even for medullary carcinoma of the colon, a unique subtype of microsatellite unstable CRC, where the histomorphology of an 'undifferentiated' or 'poorly differentiated' pattern would seem to suggest otherwise. Yet investigators have consistently demonstrated improved prognosis of medullary carcinomas over other colorectal carcinomas, [6] [7] [8] [9] with lower rates of locoregional nodal involvement and distant metastasis. 8, 9 Active immune recognition in these tumors is postulated to be at least partly responsible for the more favorable associated clinical outcomes. Tumor cells expressing antigen become targets for a T-cellmediated adaptive immune response, characterized by a shift toward a T-helper type 1 phenotype and production of interferon-gamma (IFNγ). 1, 10, 11 This environment promotes CD8+ cytotoxic T-cell proliferation, which has been consistently observed in microsatellite unstable colorectal carcinomas compared with microsatellite stable tumors. In addition CD3+ lymphocytes, CD45RO effector T cells, and CD4+ T lymphocytes have all been observed at higher amounts in the tumor, tumor front, and stroma in microsatellite unstable vs microsatellite stable colorectal carcinomas. 11, 12 In light of these robust immune antitumor responses, most cancers progress and evade immune system-mediated destruction owing to the presence of multiple regulatory checkpoints that tip the balance toward immune inhibition. One such pathway involves programmed cell death receptor 1 (PD-1) and its ligand (PD-L1). PD-1 is expressed on activated tumor-infiltrating T cells from many tumor types and when engaged with PD-L1 induces downregulation of TIL proliferation 13 and cytokine production with induction of immunologic tolerance. 14 PD-L1 is constitutively expressed by T and B cells but is overexpressed by many tumors 15 and can shut down specific immune responses, including suppression of cytolytic activity of CD8+ T cells. 16 These immune checkpoint-related proteins such as PD-1 and PD-L1 have recently been found to be overexpressed in the tumor microenvironment of microsatellite unstable colorectal carcinomas collectively. 12, 17 However, data regarding differences in the tumor immune microenvironment among varying histologic subtypes of microsatellite unstable colorectal carcinomas is limited. Given that medullary carcinoma represents a distinct histologic subtype with a paradoxically favorable clinical outcome, we decided to take a more comprehensive look at the microenvironment of medullary carcinoma and compare it with that seen in poorly differentiated, and both microsatellite unstable well-differentiated and microsatellite stable well-differentiated colorectal carcinomas. Using a combination of gene expression analysis, immunohistochemistry and comparison with genomic data available from the Cancer Genome Atlas we found significant differences in lymphocyte subsets and checkpoint regulators between medullary carcinoma and other microsatellite unstable and microsatellite stable tumors. These data are clinically relevant given that clinical trials involving checkpoint blockade agents are being investigated for patients with microsatellite unstable tumors. 18 
Materials and methods

Patients and Samples
The study was approved by the Institutional Review Board at the Rhode Island Hospital. Cases were selected by reviewing written pathology reports of all colon cancer patients diagnosed between the years 1995 and 2015 at the Rhode Island and Miriam Hospitals searching for keywords 'high grade', 'poorly differentiated', and 'medullary.' A total of 21 medullary carcinomas and 47 poorly differentiated adenocarcinomas were identified. In addition, a separate keyword search for microsatellite instable tumors was conducted and 22 well-differentiated microsatellite unstable tumors were collected based on absent mismatch-repair proteins by immunohistochemistry. An additional 30-stage-matched well-differentiated microsatellite stable tumors were chosen for comparison.
An additional 84 cases of medullary carcinoma were collected in collaboration with Royal North Shore Hospital, St Leonards Australia. The computerized colorectal specimen database in the Department of Anatomical Pathology was searched for cases of CRC diagnosed from June 1998 to April 2014 using the keywords 'medullary' and 'colon.' Cases prospectively diagnosed as medullary carcinoma from pathology reports underwent review by a gastrointestinal pathologist (AJG) for confirmation of the diagnosis. In addition, a previously constructed tissue microarray of colorectal carcinoma was inspected to identify further cases of medullary carcinoma and if a case with potential medullary morphology was detected, whole H&E sections of the case were reviewed by the gastrointestinal pathologist (AJG) for confirmation.
Medullary carcinoma for both cohorts was defined by applying strict morphologic criteria and demonstration of mismatch-repair protein deficiency by immunohistochemistry. At least 90% of the tumor had to contain a solid and syncytial growth pattern (sheets, nests, or trabeculae) consisting of mediumsized cells with vesicular nuclei and prominent nucleoli with a pushing or expansile pattern of growth. 19 Poorly differentiated (high grade) carcinomas were defined as having 0-49% gland formation and well-differentiated carcinomas (low grade) were defined as having 50-100% gland formation according to the WHO. 20 
Tissue Microarray Construction
Areas of pure invasive carcinoma from each tumor subset were first identified on hematoxylin and eosin-stained slides from each case. The corresponding areas were marked on the paraffin block. The blocks were cored at a diameter of 1 mm and transferred to a masterblock using the Beecher Tissue Microarrayer (Beecher Instruments, Silver Spring, MD, USA). Two to five cores of tumor and one core of histologically normal adjacent colonic mucosa were arrayed for every case. 
Immunohistochemistry
Immunohistochemical Assessment and Scoring
Immunohistochemical stains for IDO-1, tRNA(trp), and guanylate-binding proteins (GBP5) were evaluated in epithelium and surrounding stroma. PD-L1 was evaluated within the epithelium and within intratumoral-infiltrating lymphocytes. PD-1 was evaluated only in lymphocytes. Epithelial staining was considered negative if there was absent or barely perceptible staining at 10 × , moderate if easily identifiable at 10 × and intense if easily identifiable at 2 × . Only cases with moderate-to-intense staining intensity were considered positive. The extent of staining was scored as 0-3 (0 = 0%; 1 = o 25%; 2 = 25-50%; 3 = 450%) for epithelium and 0-2 (0 = 0%, 1 = 0-50%, 2 = 450%) for stroma based on percentage of positive cells. These cutoffs were determined and scored by a single observer (MR) to minimize interobserver variability. Intraepithelial and stromal lymphocytes positive for PD-L1, Foxp3, PD-1, and CD8 were manually counted and the counts per core were averaged for each tumor.
Laser Capture Microdissection and RNA Extraction
Six cases of medullary carcinoma with paired adjacent normal colonic mucosa were used for gene expression analysis. Tissue sections of 10 μm were cut and mounted onto plain glass slides for manual microdissection or PEN membrane slides (Life Technologies, Carlsbad, CA, USA) for UV laser capture microdissection. The sections were de-paraffinized, stained, dehydrated through graded alcohols using the Paradise formalin-fixed paraffinembedded reagent System (Life Technologies) and subjected to manual microdissection or UV laser capture microdissection within 2 h of deparaffinization. Care was taken to capture areas with similar proportions of cancer cells. Laser-captured cells were collected on LCM Macro CapSure caps (Life Technologies) using the Arcturus XT LCM instrument (Life Technologies). Total RNA (containing both mRNA and microRNA) was extracted using the RecoverAll Total Nucleic Acid Extraction Kit for formalin-fixed paraffin-embedded tissues, with DNAse incubation (Life Technologies). Immune microenvironment of medullary carcinoma
RNA Expression Analysis
RNA was prepared following the manufacturer's instructions. In brief, RNA was isolated and purified using the RNeasy formalin-fixed paraffin-embedded kit (Qiagen, Valencia, CA, USA). In total, 100 ng of total RNA was amplified using Affymetrix Sensation Plus formalin-fixed paraffin-embedded amplification kit following the manufacturer's instructions and labeled cDNA was hybridized to Affymetrix (Santa Clara, CA, USA) HTA 2.0 microarrays and visualized at the Brown University Genomics Core Facility following the manufacturer's instructions. Signals were estimated using RMA. 21 P-values were calculated using a pairwise one-way variance analysis (ANOVA) between each normal and tumor pair and q-values calculated in R using the q-value package. 22 Functional analyses were performed using Gene Ontology annotations 23 and Gene Set Enrichment Analysis (GSEA). 24 Data are available in GEO, GSE76855.
The Cancer Genome Atlas Analysis
Cases of medullary carcinoma were screened using cBioPortal 25 for microsatellite unstable status and only cases with tissue images available that met histologic criteria for medullary carcinoma as above were chosen for analysis. Clinical data were downloaded from the Cancer Genome Atlas data portal (https://tcga.data.nci.gov/tcga/dataAccessMatrix. htm, download in September 2015). Molecular subtypes (microsatellite unstable-high, microsatellite unstable-low, and microsatellite stable) were acquired in the Cancer Genome Atlas clinical data. Normalized RNA-seq data for colorectal tumors were downloaded from Firebrowse in September 2015. 26 The GAII and HiSeq data sets were kept separate.
Fold change, t-tests, and multiple hypothesis tests were calculated in R version3.1.1. Because it is not clear how GSEA accounts for normalization of RNA-seq data, fold changes were calculated for the indicated comparisons and a pre-rank file was generated for analysis as recommended by the GSEA tutorials. Batch effects were considered and found not to be significant in these data as determined by the Cancer Genome Atlas batch effects tool (The Cancer Genome Atlas Batch Effects 2015. Available from: http://bioinformatics.mdanderson.org/tcgambatch/).
Statistical Analysis
The χ 2 -analysis was used to assess the immunohistochemical staining scores. ANOVA and t-test were used for comparing lymphocyte counts among tumor types and between other characteristics. Pearson's correlation coefficient analysis was used to determine the association among lymphocyte counts. All tests were two-sided with 0.05 as the threshold P-value to be considered statistically significant. All analyses were performed using the SAS software, JMP Pro version 11.1 (SAS, Cary, NC, USA).
Results
Clinicopathologic Features
The clinicopathologic features are summarized in Table 2 . Location and final stage were unavailable for one and two patients with medullary carcinoma, respectively. The mean ages at the time of surgery were 78.9 for medullary carcinoma, 71.7 for poorly differentiated, 73.6 for microsatellite unstable well-differentiated, and 67.5 for microsatellite stable well-differentiated (P = 7.11 × 10 − 6 ). Most medullary 
Gene Expression Results
Of the 32 670 genes represented on the microarrays, 7429 were differentially expressed (P o 0.05) between medullary carcinoma and adjacent histologically normal colonic mucosa in all six cases. GSEA revealed many biological pathways related to the adaptive inflammatory response, one of the major pathways being that mediated by IFNγ (Table 3) . Several differentially expressed genes induced by IFNγ including IDO-1, WARS, the guanylate-binding proteins GBP1, GBP4, and GBP5 were identified. Expression of IDO-1 was 4.29-fold higher (P = 0.01, q = 0.04) and expression of WARS was 30.1-fold higher (P = 0.002, q = 0.03) in medullary carcinoma compared with normal colon. Expression of several guanylate-binding protein genes (GBP1, GBP4, GBP5) were 10.35-23.39 fold higher in medullary carcinoma compared with normal colon (P ≤ 0.01, q ≤ 0.04). Interferon gamma was expressed 1.38-fold higher in medullary carcinoma compared with adjacent normal colon (P = 0.04). PD-L1 (CD274) expression was increased 1.4-fold in medullary carcinoma, although not statistically significant (P = 0.08, q = 0.1). PD-1 (PDCD1) expression overall was decreased in medullary carcinoma compared with normal colon, although not statistically significant (P = 0.89, q = 0.5).
The Cancer Genome Atlas Analysis
Eight tumors morphologically consistent with medullary carcinoma were determined from the Cancer Genome Atlas data and were compared with 47 microsatellite unstable-high, 41 microsatellite unstable-low and 160 microsatellite stable colorectal carcinomas using the HiSeq data set. Gene set enrichment analysis of genomic data revealed several pathways enriched in medullary carcinoma compared with other microsatellite unstable tumors including PD-1 signaling (P o 0.0001), interferongamma signaling (P o 0.0001), and packaging of telomeres (P o 0.0001). A comparison of genes involved in the interferon-gamma pathway upregulated in medullary carcinoma compared with other microsatellite unstable and microsatellite stable tumors is summarized in Table 4 . IDO-1 was upregulated 3.5-fold in medullary carcinoma compared with all other colorectal carcinomas (P = 9.8 × 10 − 8 ), 2.4-fold compared with microsatellite unstable-H colorectal carcinomas (P = 0.015), 3.1-fold compared with microsatellite unstable-L colorectal carcinomas (P = 1.6 × 10 − 4 ), and 3.8-fold compared with microsatellite stable colorectal carcinomas (P = 1.6 × 10 − 6 ). Similarly, WARS, GBP1, GBP4, and GBP5 were upregulated in medullary carcinoma compared with all other groups. Interferon gamma was upregulated in medullary carcinoma compared with all groups although the effect was small compared with microsatellite unstable-High (fold change 0.8, P = 0.14). PD-1 (PDCD1) was upregulated in medullary carcinoma compared with all other groups and PD-L1 (CD274) was upregulated in medullary carcinoma compared with all groups except the microsatellite unstable-H category (fold change 0, P = 0.98).
Data comparing the same gene set among different categories of non-medullary microsatellite unstable tumors is summarized in Table 5 . All eight genes were upregulated in microsatellite unstable tumors, with the greatest difference being between microsatellite unstable-high and microsatellite stable. IDO-1 was upregulated in microsatellite unstable vs microsatellite stable (1.5-fold change, P = 0.05), microsatellite unstable-high vs microsatellite stable (2.2-fold change, P = 0.0039), and microsatellite unstable-high vs microsatellite unstable-low (1.8-fold change, P = 0.067). Among the guanylatebinding proteins, GBP5 showed the greatest difference between microsatellite unstable-high vs microsatellite stable (2.1-fold change, P = 0.00035) and microsatellite unstable-high vs microsatellite unstable-low (2.1-fold change, P = 0.08).
Immunohistochemistry IDO-1, GBP5, and tRNA(trp) all showed a cytoplasmic and membranous staining pattern in tumor epithelial cells and surrounding stromal cells. PD-1, PD-L1, CD3, and CD8 all stained lymphocytes and Figure 1 and representative images are depicted in Figure 2 . Consistent with the gene expression analysis and The Cancer Genome Atlas data, medullary carcinoma showed epithelial overexpression of IDO-1, tRNA(trp), and GBP5. Epithelial IDO-1 was overexpressed in 450% of tumor cells (score 3) iñ 29% (30/104) of medullary carcinomas, 4% (2/47) of poorly differentiated, and no cases of both microsatellite unstable and microsatellite stable well-differentiated carcinomas (Po0.0001). Epithelial tRNA(trp) was overexpressed in 450% of tumor cells in 81% (84/104) of medullary carcinoma, 19% (9/47) of poorly differentiated colorectal carcinomas, 32% (7/22) of microsatellite unstable well differentiated, and 3% (1/30) of microsatellite stable well differentiated (P ≤ 0.0002). Epithelial GBP5 was overexpressed in 450% of tumor cells in~17% (18/104) of medullary carcinoma, 2% (1/47) of poorly differentiated colorectal carcinomas, and no cases of microsatellite unstable well differentiated and microsatellite stable well differentiated (P o 0.0089). Epithelial PD-L1 overexpression in 450% of tumor cells was similar between medullary carcinomas (18%, 19/104) and microsatellite unstable well-differentiated (23%, 5/22) as well as between poorly differentiated colorectal carcinomas (9%, 4/47) and microsatellite stable well-differentiated (10%, 3/30), although not statistically significant (P = 0.5). A subgroup analysis comparing expression of IDO-1, tRNA(trp), GBP5, and PD-L1 between both microsatellite stable (n = 28) and microsatellite unstable (n = 19) poorly differentiated carcinomas revealed no statistically significant differences.
Tumor stromal staining for IDO-1 and GBP5 were similar for medullary carcinoma and microsatellite unstable well differentiated. IDO-1 overexpression was present in 450% of stromal cells (score 2) iñ 17% (18/102) of medullary carcinoma and 36% (8/22) of microsatellite unstable well differentiated, compared with 13% (6/47) of poorly differentiated colorectal carcinomas and 3% (1/30) of microsatellite stable well differentiated (P = 0.002). GBP5 overexpression was present in 450% of stromal cells (score 2) in~48% (50/104) of medullary carcinoma and 36% (8/22) of microsatellite unstable well-differentiated, compared with 15% (7/47) of poorly differentiated colorectal carcinomas and no cases of microsatellite stable well differentiated (P o 0.0001). There were no appreciable differences in tRNA(trp) staining of stroma across all four categories of tumor.
Absolute and mean counts for tumor intraepithelial and stromal lymphocytes are summarized in Figure 3 and Table 6 . Mean intraepithelial CD8+, PD-1+, PD-L1+, and Foxp3+ lymphocyte counts were higher in medullary carcinoma compared with all other groups. Medullary carcinoma contained statistically significant higher mean CD8+ intraepithelial lymphocytes per core (mean = 129) and Foxp3+ intraepithelial lymphocytes compared with the microsatellite unstable well-differentiated category (P o 0.0001). Only three cases of medullary carcinoma contained a significantly lower amount of CD8+ intraepithelial tumor-infiltrating lymphocytes (mean = 17). Mean stromal PD-1+ and Foxp3+ lymphocytes were highest in the microsatellite unstable well-differentiated group. A subgroup analysis comparing expression of these lymphocyte markers between both microsatellite stable (n = 28) and microsatellite unstable (n = 19) poorly differentiated carcinomas revealed no statistically significant differences.
In a χ 2 1:1 analysis, several of the epithelial and lymphocyte markers showed positive correlation. Across all categories, IDO-1 epithelial staining positively correlated with tRNA(trp) epithelial staining (P o 0.0001), GBP5 epithelial and stromal staining (P o 0.0001, P = 0.0002), PD-L1+ tumorinfiltrating lymphocytes (P o 0.0001), Foxp3+ intraepithelial lymphocytes (P o 0.0001), and CD8+ tumor epithelial and stromal lymphocytes (P o 0.0001). Within medullary carcinomas alone, several markers were positively correlated as well. IDO-1 epithelial staining strongly correlated with tRNA(trp) epithelial staining and GBP5 epithelial and stromal staining (P = 0.005). IDO-1 stromal staining positively correlated with intraepithelial PD-1+ lymphocytes (P = 0.017) and CD8+ tumor-infiltrating lymphocytes (P = 0.0084). tRNA(trp) correlated strongly with GBP epithelial overexpression (P = 0.04) and PD-L1 epithelial overexpression (P = 0.04). PD-1+ intraepithelial lymphocytes correlated with the presence of PD-L1+ tumor-infiltrating lymphocytes (P = 0.0058), Foxp3+ intraepithelial lymphocytes (P = 0.0079), and Foxp3+ stromal lymphocytes (P = 0.025). Finally, the presence of CD8+ intraepithelial lymphocytes correlated with PD-L1+ intraepithelial lymphocytes (P = 0.0021), Foxp3+ intraepithelial lymphocytes (P = 0.0149), and PD-1 intraepithelial lymphocytes (P = 0.0007).
Discussion
The tumor immune microenvironment in cancer is emerging as an increasingly important component of our understanding of host-tumor interactions with implications for therapeutic intervention. Microsatellite unstable colorectal carcinomas are well known to elicit a host immune response that may impart a more favorable prognosis, yet these cancers still progress. Evidence suggests that the immune response may be impaired by upregulation of multiple checkpoint inhibitors and that these inhibitory pathways are upregulated in microsatellite unstable colorectal carcinomas. 18, [27] [28] [29] Most of these studies, however, classify microsatellite unstable colorectal carcinomas as a single group and do not consider the histologic heterogeneity of microsatellite unstable colorectal carcinomas. As such, we hypothesized Figure 1 Percentage of cases by histologic subtype demonstrating epithelial and stromal staining for IDO-1, tRNA(trp) or WARS, GBP5, and PD-L1. Scores based on percent of tumor epithelium or stromal cells with moderate-intense staining as follows: epithelium (0 = 0%; 1 = o25%; 2 = 25-50%; 3 = 450%); stroma (0 = 0%, 1 = 0-50%, 2 = 450%).
immune regulatory pathways may be particularly upregulated in medullary carcinoma because it represents the most specific histologic indicator of a microsatellite unstable colorectal carcinoma, 30 owing to its distinct morphology. Using a combination of gene expression analysis, curated Cancer Genome Atlas genomic data, and immunohistochemical analysis of a large cohort of medullary carcinoma, we demonstrate that medullary carcinoma has a unique immune microenvironment similar, but distinct enough from other microsatellite unstable colorectal carcinomas that may have important biological and therapeutic implications.
We observed that the immune microenvironment of medullary carcinoma contains a profound antitumor immune phenotype, with the presence of numerous CD8+ cytotoxic T cells and IFNγ upregulated genes. Higher mean CD8+ tumor-infiltrating lymphocytes were present in both the epithelial and stromal compartments in medullary carcinoma compared with microsatellite unstable and microsatellite stable tumors. These CD8+ tumor-infiltrating lymphocytes are presumed to be stimulated by 'neoantigen' production by microsatellite unstable tumors, which carry mutations at rates 10-50 times higher than microsatellite stable tumors. 3,31 CD8+ tumor-infiltrating lymphocytes are activated upon presentation of these antigens, secrete various pro-inflammatory cytokines, and in general have been associated with a better prognosis. 32 These CD8 + tumor-infiltrating lymphocytes promote a strong IFNγ response and some of these gene products may also account for the more favorable outcomes of microsatellite unstable colorectal carcinomas. For example, the GBPs are members of the guanosine triphosphatase family (GTPases) that are induced by IFNγ and have a role in resistance to pathogens among other functions. 33 In colorectal cancer, GBP1 overexpression in tumor stroma inhibits tumor growth and correlates with improved survival. 34, 35 The functions of other GBPs are less clear although animal and in-vitro models suggest a protective role in controlling infection and autoimmunity as GBPs are essential for formation of the inflammasome complex. 36 The inflammasome complex promotes inflammatory cell death through activation of cysteine protease caspase-1 and is purported to have tumor suppressive effects in some studies. 37 Our finding of upregulated GBP1, GBP4, and GBP5 in medullary carcinoma compared with all other colorectal carcinomas including microsatellite unstable colorectal carcinomas suggests a possible mechanistic link between the pro-inflammatory microenvironment and observed more favorable clinical outcomes in microsatellite unstable colorectal carcinomas.
Our analysis showed that despite the presence of the cytotoxic T-cell phenotype, immune inhibitory pathways were active in medullary carcinoma. Gene expression analysis of PD-1 (PDCD1) in our medullary carcinoma and in the Cancer Genome Atlas cohorts showed upregulation, with immunohistochemical analysis of 105 medullary carcinomas confirming higher mean PD-1+ tumor-infiltrating lymphocytes within epithelium compared with other microsatellite unstable tumors. The major role of PD-1 is to reduce activity of T cells during an inflammatory response by inhibiting kinases that are involved in T-cell activation, and its expression is induced when T cells become activated. 13, 38, 39 Increased PD-1 expression on tumor-infiltrating lymphocytes is seen in a variety of tumor types, 40 including microsatellite unstable colorectal carcinomas. 10, 12 Similarly, the PD-1 ligand (PD-L1, CD274) is often upregulated on the tumor cell surface and tumor-infiltrating lymphocytes from many different tumors. 15, 41 In our immunohistochemical analysis mean intraepithelial PD-L1+ tumor-infiltrating lymphocytes were higher in medullary carcinoma compared with microsatellite unstable and microsatellite stable colorectal carcinomas. In normal physiology, PD-L1 expression can be induced by IFNγ as a means to protect tissues from infection-induced immune-mediated damage, 42, 43 but in tumors enriched with an IFNγ microenvironment, such as microsatellite unstable tumors, the same mechanism may possibly be exploited as a means of antitumor immune escape. There is also evidence that PD-L1 expression can be driven by oncogenic signaling pathways as is the case with PTEN deletion in glioblastomas 44 and constitutive anaplastic lymphoma kinase signaling in lung cancers, which drive PD-L1 expression through signal transducer and activator 3 (STAT3) signaling. 45 PTEN deletions are often seen in microsatellite unstable colorectal carcinoma 46 and STAT3 overexpression was observed in our initial gene expression analysis (Supplementary data). Interestingly, in our immunohistochemical analysis, epithelial tumor cell expression of PD-L1 was similar across all categories with a slight statistically non-significant increase in epithelial staining of medullary carcinoma and microsatellite unstable tumors. The significance of this is not entirely clear as epithelial PD-L1 overexpression is seen in many tumor types. [47] [48] [49] In addition, a recent Phase I clinical trial of an anti-PD-L1 antibody (MPDL3280A) showed that PD-L1+ tumor-infiltrating lymphocytes were a better predictor of response to treatment Immune microenvironment of medullary carcinoma (P = 0.007) than PD-L1 expression on tumor cells (P = 0.079). 50 This association underscores that epithelial expression of PD-L1 may not be entirely predictive of response, and our data support that PD-L1 expression on tumor-infiltrating lymphocytes may be of greater biological importance. Finally, we show that mean intraepithelial T regulatory cells were also highly increased in medullary carcinoma compared with all other colorectal carcinomas. T regulatory cells are upregulated in a variety of tumors and dampen T-cell responses to tumor associated antigens. 51 PD-1 is also highly expressed on T regulatory cells and can promote their proliferation, further downregulating the immune response. 52 We provide evidence that in addition to proteinligand interactions as a mechanism of immune escape, immunomodulatory metabolic pathways are upregulated in medullary carcinoma. IDO-1 is an intracellular enzyme that degrades tryptophan (Trp) to kynurenine. Two paralogs exist, IDO-1 and IDO-2; however, the function of IDO-2 is less clear because of its very low Trp degradation activity. 53 The depletion of Trp in the tumor microenvironment and production of Trp metabolites leads to inhibition of T-cell responses characterized by reduced proliferation, increased apoptosis and differentiation of naive T cells into T regulatory cells. 54, 55 IDO-1 overexpression has been described in several tumors, including colorectal carcinomas, and is thought to contribute to their evasion from the host immune system. [56] [57] [58] Our analysis of IDO-1 in medullary carcinoma showed a 2.4-fold increase in expression compared with microsatellite unstable-High colorectal carcinomas from the Cancer Genome Atlas data and immunohistochemical analysis showed that tumor cells were positive for IDO-1 in 64% of medullary carcinomas, with~30% of cases showing a majority of tumor cells with moderate-strong staining. This is in contrast to 86% of the microsatellite unstable well-differentiated and 81% of poorly differentiated carcinomas with absent epithelial staining, highlighting the unique upregulation of this pathway in medullary carcinoma. In keeping with these findings, clinical trials are currently underway for competitive IDO inhibitors. 59, 60 Logically, Trp depletion from the tumor microenvironment should impair protein synthesis in neoplastic cells. However, IDO-1-expressing cells may be protected from Trp self-starvation by increasing the expression of tryptophanyl-tRNA-synthetase (tRNA(trp) or WARS). 61 This Trp-tRNA complex would protect Trp from IDO-mediated degradation and make it available for protein synthesis. Indeed, we show evidence that this self-protective pathway is more prevalent in medullary carcinoma compared with all other tumors, with 81% of medullary carcinoma showing expression in 450% of tumor cells, compared with 20% of poorly differentiated colorectal carcinomas, 32% of microsatellite unstable well-differentiated, and 3% of microsatellite stable well-differentiated colorectal carcinomas. In addition, we show a strong correlation between IDO-1 tumor cell expression and tRNA(trp) expression. Interestingly, tRNA(trp) expression has been associated with improved survival and decreased risk of recurrence in CRC in at least one study, although microsatellite unstable tumors were not specifically analyzed. 62 Medullary carcinomas and poorly differentiated carcinoma often show morphologic overlap and cases of medullary carcinoma are occasionally misclassified on retrospective review even after the recognition of medullary carcinoma as a distinct subset of CRC. 6 Despite sometimes similar morphology, medullary carcinoma has a distinct tumor immune microenvironment. The greatest differences were seen with IDO-1 epithelial expression (64% of medullary carcinoma vs 19% of poorly differentiated tumors), tRNA(trp) epithelial expression (81% of medullary carcinoma vs 19% of poorly differentiated tumors), CD8+, and PD-L1+ tumor-infiltrating lymphocytes. These differences may be useful in differentiating between the two if morphologic and/ or immunohistochemical features are equivocal. Interestingly, three cases of medullary carcinoma had significantly lower average intraepithelial tumor-infiltrating lymphocytes compared with the rest of the group. Although this may represent inadequate tumor sampling using tissue microarray, all three cases showed 1-2+ positive IDO-1 and GBP5 staining, and 3+ tRNA(trp) staining, indicating upregulation of these markers despite less tumorinfiltrating lymphocytes in the immediate vicinity.
To the best of our knowledge, this study represents the only study specifically addressing the tumor immune microenvironment in medullary carcinoma separate from other microsatellite unstable-high colorectal carcinomas and is also the largest accumulation of medullary carcinoma in a single study reported thus far. We applied strict morphologic criteria to define medullary carcinoma and showed that upregulation of immune-mediated pathways was consistent between the initial gene expression array, the Cancer Genome Atlas data and immunohistochemical analysis. One of the limitations of the study includes the initial comparison of medullary carcinoma with adjacent normal epithelium in the original RIH expression array. The epithelial population was likely purer in the normal epithelium compared with tumor owing to the presence of numerous tumor-infiltrating lymphocytes. Nonetheless, we were able to parse out these differences in the immunohistochemical analysis, which showed significant differences between epithelial and TIL expression.
Conclusion
We have shown that the tumor immune microenvironment of medullary carcinoma represents a complex balance between a pro-inflammatory antitumor response and immune regulation via checkpoint inhibition. These pathways are more prevalent in medullary carcinoma compared with other microsatellite unstable colorectal carcinomas. The potential therapeutic implications may be far-reaching, given recent preliminary evidence that anti-PD-L1 therapy is beneficial in patients with microsatellite unstable colorectal carcinomas. 18 
